Tuberous sclerosis (TSC) is a autosomal dominant genetic disorder caused by mutations in either TSC1 or TSC2, and characterized by benign hamartoma growth. We developed a murine model of Tsc1 disease by gene targeting. Tsc1 null embryos die at mid-gestation from a failure of liver development. Tsc1 heterozygotes develop kidney cystadenomas and liver hemangiomas at high frequency, but the incidence of kidney tumors is somewhat lower than in Tsc2 heterozygote mice. Liver hemangiomas were more common, more severe and caused higher mortality in female than in male Tsc1 heterozygotes. Tsc1 null embryo fibroblast lines have persistent phosphorylation of the p70S6K (S6K) and its substrate S6, that is sensitive to treatment with rapamycin, indicating constitutive activation of the mTOR-S6K pathway due to loss of the Tsc1 protein, hamartin. Hyperphosphorylation of S6 is also seen in kidney tumors in the heterozygote mice, suggesting that inhibition of this pathway may have benefit in control of TSC hamartomas.
INTRODUCTION
Tuberous sclerosis (TSC) is an autosomal dominant tumor suppressor gene syndrome, characterized by development of distinctive benign tumors (hamartomas) and malformations (hamartias) in multiple organ systems (1) . The brain, skin, heart and kidneys are commonly affected. Less commonly, female TSC patients develop pulmonary lymphangioleiomyomatosis (LAM) (1) (2) (3) . TSC hamartomas are often composed of multiple cell types, including smooth muscle cells, perivascular epithelioid cells, endothelial cells, adipocytes and large neuronal appearing cells. Despite this diversity of cell types, most lesions in TSC appear to be clonal in nature, based upon clonality and LOH analyses (4) (5) (6) (7) (8) , fitting with a two-hit model for pathogenesis.
Two genes have been identified that cause TSC: TSC1 on 9q34 encoding the protein hamartin, and TSC2 on 16p13 encoding the protein tuberin (9, 10) . Tuberin may have functions as a GTPase activating protein for the small GTPases rap1 and/or rab5 (11, 12 ) and also appears to be involved in cell-cycle control and transcriptional events (13) (14) (15) . Hamartin may function in adhesion events and in rho-dependent signalling for actin stress fibre formation (16) . The two proteins occur in a stable complex, suggesting that their function is interdependent (17, 18) .
TSC is transmitted in an autosomal dominant fashion, though most cases are sporadic representing new mutational events (1, 19) . The great majority of mutations in these genes are clearly inactivating (20) (21) (22) . The disease varies greatly in its severity, and although there is significant overlap, mutations in TSC1 cause clinical features that are somewhat milder than mutations in TSC2 (22) .
Both rat and mouse models of TSC2 disease have been identified or generated (23) (24) (25) (26) (27) . These models have similar features, with prominent development of multiple renal cystadenomas that progress slowly to malignancy over the lifetime of the rodent. Several other tumors are also seen, with liver hemangiomas seen in the mouse models.
Recent studies in Drosophila have implicated a defect in cell size regulation in dTsc1 or dTsc2 null cells and a possible relationship of these genes to the PI3kinase-Akt/PKB-S6K signalling pathway (28) (29) (30) .
RESULTS

Generation of mice with a targeted, disrupted Tsc1 allele
To assess the function of Tsc1 in the mouse, a Tsc1 null mutation was generated in a two-step gene targeting procedure using embryonal stem (ES) cells (Fig. 1A) . Southern blot analysis indicated successful gene targeting (Fig. 1B) , which was followed by cre recombinase expression to yield an allele of Tsc1 in which exons 17 and 18 are deleted (Fig. 1C) . Blastocyst injection led to germline transmission of the mutant Tsc1 allele as confirmed by Southern blot (data not shown) and PCR genotyping analyses ( Fig. 1D and E) . Deletion of exons 17 and 18 from Tsc1 results in termination of translation as the message goes out of reading frame, and is similar to mutations naturally occurring in Tsc1 (21) (http://expmed.bwh.harvard.edu/ts/review/). In addition, immunoblot analyses (see below) indicated that there was no hamartin produced from this allele, so we refer to it as Tsc1 -.
Homozygous Tsc1 -/-is embryonic lethal
Homozygous Tsc1 -/-mice were not obtained from Tsc1 +/-intercrosses, indicating that this Tsc1 -allele had a recessive lethal phenotype (Table 1) . To explore the timing of embryonic death, embryos were obtained from Tsc1 +/-× Tsc1 +/-breedings at embryonic day 9 (E9)-E14.5. No viable Tsc1 -/-embryos were observed beyond E13.5. At E9-13.5, considering both viable and partially resorbed embryos, Tsc1 -/-embryos were present in the expected Mendelian ratio. However, viability of embryos steadily declined from E9-9.5 to E13-13.5. Survival of Tsc1 -/-embryos was significantly improved over that of Tsc2 null embryos (27) . None of 50 E13-13.5 Tsc2 +/-intercross embryos were Tsc2 -/-in comparison with seven (two viable) of 32 Tsc1 +/-intercross embryos which were Tsc1 -/-as shown here (P = 0.0005).
Viable E9-12.5 Tsc1 -/-embryos were less developed to a variable extent, typically by approximately one embryonic day, in comparison with Tsc1 +/+ and Tsc1 +/-littermates, but no exencephaly was seen among the 33 viable null embryos examined or among their non-viable null littermates ( Fig. 2A and D) . Tsc1 -/-embryos were also paler and edematous, and often had pericardial effusions. Histologic analysis of viable Tsc1 -/-E9-11.5 embryos demonstrated a hypoplastic liver with poor development of other abdominal organs, and a slightly enlarged heart that was shifted inferiorly (Fig. 2B and E) . The liver and other abdominal organs had dilated vascular channels ( Fig. 2C and F) . Embryonic death appeared to be due to liver hypoplasia with secondary growth retardation and circulatory failure from anemia. Brain development, as assessed by neuroepithelial cell proliferation and organization ( Fig. 2B and E) , was mildly retarded in the Tsc1 -/-embryos, consistent with their overall developmental delay. These results are similar to those seen for the null allele of Tsc2 (27) , although exencephaly was seen in some Tsc2 -/-embryos.
Survival of female Tsc1 +/-mice is reduced due to hepatic hemangiomas
Defined cohorts of F1 generation mice were tracked for survival from birth until 15-18 months of age. The cohorts consisted of 10 wild-type mice (five female, five male) and 20 each of male and female Tsc1 +/-mice (Tables 2-4). Ten percent (one of 10, a male) of control and 10% (two of 20) of male Tsc1 +/-mice died prior to 18 months of age. In contrast, 45% (nine of 20) of female Tsc1 +/-mice died (including one mouse killed for humane reasons) prior to 18 months of age ( Fig. 3A ; P = 0.015 in comparison with male Tsc1 +/-). Necropsy exam could not be performed on four females who died due to autolysis or cannibalism by cagemates. Three of the four female mice who died prematurely showed a large amount of blood in the peritoneal cavity which appeared to be derived from a vascular tumor in the liver. Five female and two male F1 mice were pure 129/SvJae strain, of which five died prematurely, and two of these had necropsy exams showing blood in the peritoneal cavity. The Tsc1 +/-genotype therefore appeared to cause more severe liver disease in a pure 129SvJae background. The survival analysis was repeated using only the hybrid strain mice, and Tsc1 +/-females again showed a reduction in survival compared to Tsc1 +/-males (data not shown, P = 0.05).
Histologic analysis demonstrated that the vascular hepatic lesions were hemangiomas, consisting of aberrant vascular channels of highly variable size that often had cuboidal-columnar endothelial cells, and proliferation of smooth muscle cells ( Fig. 3B and C). This cellular identification was confirmed by immunohistochemical staining for smooth muscle actin (Fig. 3D ).
Among Tsc1 +/-mice surviving to 15-18 months of age, these lesions were seen in 67% males and 93% females (Table 4 ). These lesions also had a higher average grade in female compared to male Tsc1 +/-mice (P = 0.03, Fisher's exact test). Thus, these lesions were more frequent, of larger size and caused death more commonly in female compared to male Tsc1 +/-mice, independent of strain.
Other tumors in the Tsc1 +/-mice
Multiple bilateral renal cystadenomas developed in all Tsc1 +/-mice by 15-18 months of age. The histologic features of these tumors were similar to those seen in Tsc2 +/-mice (27) and varied from pure cysts with cuboidal lining cells to cysts with papillary projections, to solid adenomas (Fig. 4A ). These lesions expressed gelsolin (Fig. 4B ), similarly to Tsc2 +/-mouse cystadenomas (27) and consistent with the renal intercalated cell as the cell of origin. A small fraction (Table 4 ) of these tumors showed histologic features consistent with progression to renal cell carcinoma ( Fig. 4C and D) , but there was no evidence of metastasis. In contrast to the findings with liver hemangiomas, there was no difference in the number or size of kidney cystadenomas according to sex. However, there were more cystadenomas in BALB/c-129/Sv hybrid mice (mean number adjusted for sex and age 16.03) in comparison to either the C57/BL6-129/Sv hybrid (adjusted mean 6.56, P < 0.05) or the 129/Sv mice (adjusted mean 4.28, P < 0.05) ( Table 2) . A single male mouse developed a hemangiosarcoma of the forepaw. Lung adenomas were seen at approximately equal frequency in Tsc1 +/-and control mice, suggesting that its pathogenesis was independent of the Tsc1 gene.
To rigorously assess the possibility of a difference in the severity of renal cystadenomas in Tsc1 +/-compared to Tsc2 +/-mice (27), a blinded comparison was made using microscopic sections from the kidneys of F1 mice for each gene (Table 5) . Tsc2 +/-mice had significantly more cysts than Tsc1 +/-mice in an overall comparison adjusted for strain and sex (P = 0.0004). However, in a similar adjusted comparison, there was no significant difference in the number or size of adenomas in the Tsc2 +/-and Tsc1 +/-mice.
Analysis of Tsc1 null fibroblasts
To derive cells in which the function of hamartin, the Tsc1 gene product, could be examined, we cultured murine embryo fibroblasts (MEFs) from E10.5 embryos of Tsc1 +/-intercrosses. MEF cultures were readily established, but Tsc1 null MEFs displayed a slower growth rate within several passages, in comparison with Tsc1 +/-or wild-type MEFs (Fig. 5A ). Spontaneously immortalized cell lines were obtained from three Tsc1 +/+ and three Tsc1 +/-MEF cultures, and from two of three Tsc1 -/-cultures. These cell lines displayed variability in growth rates that did not correlate with genotype, consistent with stochastic clonal variation (doubling times for four lines were: Tsc1 -/-, 0.53 days; Tsc1 -/-, 2.32 days; Tsc1 +/+ , 2.06 days; Tsc1 +/-, 0.61 days).
We examined the actin cytoskeleton and focal adhesion content in two Tsc1 +/+ and two Tsc1 -/-cell lines. All four lines demonstrated an increase in F-actin content (assessed by phalloidin staining) and focal adhesion formation (assessed by paxillin staining) in response to serum stimulation after overnight serum starvation. However, there was a significantly smaller increase (P < 0.05) in both F-actin levels and paxillin staining in the Tsc1 null lines compared to the wild-type lines ( Fig. 5B and C) .
Analysis of the PI3kinase-Akt/PKB-mTOR-S6K pathway
We also examined the expression and activation of the PI3kinase-Akt/PKB-mTOR-S6K signalling pathway in these cell lines. During serum deprivation followed by serum stimulation, clear differences between Tsc1 null and wild-type or Tsc1 +/-cell lines were seen (Fig. 6A) . As expected, hamartin could not be detected in Tsc1 null lines, confirming that this was a null allele. Levels of ERK and p-ERK were similar in both sets of lines, although p-ERK levels were somewhat reduced after serum stimulation in the Tsc1 null cells. More strikingly, Akt failed to undergo phosphorylation in Tsc1 null cells after serum stimulation. In addition, although levels of S6K were similar in both sets of cells, there was constitutive phosphorylation of S6K in the Tsc1 null cells during serum starvation. Moreover, the ribosomal protein S6, a target of S6K whose translational activity is activated by phosphorylation, was constitutively phosphorylated in the null cells. In addition, levels of p-S6K and p-S6 were not increased further with serum stimulation in the Tsc1 null cells. Levels of phosphorylated 4E-BP1 were also increased in the Tsc1 null cells during serum starvation. We then investigated the response of these cell lines to the PI3K inhibitor LY294002 and the mTOR inhibitor rapamycin (Fig. 6B) . Phosphorylation of both S6K and S6 was eliminated in serum-starved Tsc1 null cells by treatment with either LY294002 or rapamycin. With serum stimulation, however, rapamycin treatment was more effective in eliminating phosphorylation of these proteins.
To be certain that the observed differences were not due to changes associated with immortalization of these MEF cultures, we also assayed ERK, pS6K and pS6 levels in extracts prepared from passage four (P4) primary cultures of Tsc1 null and wild-type MEFs. pS6K could not be identified in these assays, probably due to cell number and/or antibody limitations. However, levels of pS6 were clearly increased in the Tsc1 null P4 MEFs compared to wild-type (Fig. 6C) , implicating increased S6K activity in these cells.
We then investigated expression of S6K, p-S6K, S6 and p-S6 in tumors derived from the Tsc1 heterozygote mice (Fig. 6D) . Levels of S6 were the same in adjacent normal kidney tissue and cystadenomas. In contrast, levels of p-S6 were increased substantially in all cystadenomas. p-S6K could not be identified in extracts from these tumors, but this may be due to contamination by normal cells or antibody limitations.
DISCUSSION
Heterozygote Tsc1 +/-mice develop renal cystadenomas, liver hemangiomas and, more rarely, extremity angiosarcomas, in a pattern that is very similar to that of Tsc2 +/-mice (26, 27) . However, the extent of lesion development in the kidney is somewhat milder than that seen in Tsc2 +/-mice, and Tsc1 -/-embryos survive on average ∼1 day longer than Tsc2 -/-embryos. The basis for these differences is not evident, but could relate to some distinct function for tuberin, or be consistent with a more direct and critical function of tuberin in the tuberin-hamartin complex. Our pathologic and histologic findings are similar to those described recently in an independently derived Tsc1 null allele (31) , although there are some differences in the two studies.
Kobayashi et al. (31) generated a Tsc1 null allele by deletion of exons 6-8 with insertion of a neo cassette. They demonstrated reduction of Tsc1 mRNA levels in null embryos but did not examine protein expression. Our deletion removes exons 17 and 18 of Tsc1, and we demonstrated an absence of hamartin expression in cultured Tsc1 -/-MEFs, using a C-terminal antibody. Both deletions take the mRNA out of reading frame and, thus, are equivalent to naturally occurring TSC patient mutations in TSC1. There does not appear to be any difference in the phenotype of TSC based upon the site of mutation within TSC1, whereas there is a difference between TSC1 and TSC2 mutations (22) . Kobayashi et al. (31) saw exencephaly in six of 19 embryos examined, whereas we saw it in none of 33 embryos (P = 0.0006), and brain development in our Tsc1 null embryos appeared normal. It is possible that the mutations generated have distinct consequences, but we suspect that strain differences, environmental factors or chance are more likely explanations. The overall milder phenotype of the Tsc1 null embryos (31; and our observations) fits well with the lack of this finding in our embryos. In addition, Kobayashi et al. (31) did not find any premature mortality in female Tsc1 +/-mice, a finding that was quite striking in our Tsc1 +/-mice. We suspect that this is due to the prospective cohort approach that we took to evaluating morbidity and mortality in our colony. Strain differences may also contribute to this difference, as our data suggest that this pathologic development is particularly frequent in pure 129/SvJae.
Tsc1 null embryos die between E9.5 and E13.5 with prominent defects in liver development, coinciding with the timing of onset of hematopoeisis in the murine liver (32) . Liver defects, as well as prominent cardiac enlargement, were seen by Kobayashi et al. (31) in their Tsc1 null embryos. Abnormalities of liver development correlate nicely with the major cause of mortality in the heterozygote mice, liver hemangioma formation. We demonstrate that these liver hemangiomas are more common, more extensive and cause greater mortality in female than in male Tsc1 +/-mice ( Fig. 3; Tables 2-4 ). These lesions share histologic features with both angiomyolipomas (AMLs), which occur in the kidney and liver in TSC patients, and LAM (1). Both AMLs and LAM are seen in TSC patients at relatively high frequency and also rarely occur in non-TSC patients. All three processes contain proliferating smooth muscle cells and both AMLs and mouse hemangiomas contain prominent disorganized blood vessels, which can bleed with fatal consequences. The predominance of these lesions in female mice suggests that female sex hormones influence their development, also similar to AMLs and LAM in TSC patients (2, 33) . Thus, these liver hemangiomas may serve as a model system for study of the pathogenesis of both of these important TSC tumors, including the role of female sex hormones and their receptors.
A biochemical function for either tuberin or hamartin has been elusive. Hamartin has been reported to bind to ezrin and other ERM family proteins and to interact with rho and the actin cytoskeleton in overexpression experiments (16) . Using immortalized MEF lines we showed a difference in actin and focal adhesion dynamics in Tsc1 null compared to wild-type lines, supporting a function for hamartin in this system. The PI3kinase-PDK1-Akt signalling cascade and its many downstream branches has been identified as having important roles in many cellular activities including regulation of the actin cytoskeleton and motility, cellular and organismal glucose homeostasis, cell growth responses, apoptosis regulation and regulation of cell size (34) (35) (36) . Recent screens carried out in Drosophila have identified a major role for the dTsc1 and dTsc2 genes in the control of cell size (28) (29) (30) 37) . Epistasis analysis has implicated these genes as acting downstream of dAkt and upstream of dS6K in some studies (29, 30) . However, the positioning of dTsc1 and dTsc2 relative to this pathway has been uncertain, and other studies have suggested that they may regulate nuclear events including cyclin levels (28, 37) . Moreover, the biochemical function of dTsc1 and dTsc2 relative to this pathway is unknown.
We demonstrate that both S6K and its substrate S6 are constitutively activated, as assessed by phosphorylation of each, in Tsc1 null MEFs. The 4E-BP1 protein is also hyperphosphorylated in these cells, consistent with activation of the mTOR protein (38) . This activation of S6K and S6 is abolished by treatment of the Tsc1 null cells with rapamycin, a specific inhibitor of the mTOR protein (39) . Therefore, these results suggest that hamartin, likely acting in the form of the tuberinhamartin complex, influences mTOR directly or indirectly to diminish its activity in the phosphorylation and activation of S6K, and phosphorylation and inactivation of 4E-BP1 in normal cells. Absence of hamartin would lead to abrogation of this inhibition, with constitutive activation of mTOR and phosphorylation of its downstream partners S6K, S6 and 4E-BP1. The reduction in levels of pAkt in Tsc1 null cells following serum stimulation is also noteworthy. We suspect that this is due to some type of feedback inhibition of Akt activation caused by the constitutive activation of S6K in these cells.
Interestingly, patients with mutations in either PTEN, or TSC1 or TSC2, develop benign multicellular proliferations (hamartomas) (1, 40) . It is of interest that both of these proteins function within the PI3kinase-PDK1-Akt signalling pathway. The observation of increased amounts of p-S6 in tumors in the Tsc1 heterozygote mice suggests that activation of this pathway occurs in these tumors. Thus, treatment of these murine tumors with rapamycin or its analogues may have unique benefits that may be translatable to the care of TSC patients.
MATERIALS AND METHODS
Generation of a targeted Tsc1 allele in ES cells and mice
A murine Tsc1 genomic clone was isolated from a 129/Sv mouse BAC library. SacI fragments (5 and 11 kb) containing Tsc1 exons 13-23 were cloned and sequenced. A gene targeting construct was made (Fig. 1A) and introduced into J1 ES cells as described previously (27, 41) . Forty clones were selected with 200 mg/l G418, minimally expanded and their DNA isolated and digested with BsaBI, and analyzed by Southern blot using a flanking genomic probe (Fig. 1A) . Two of seven ES clones that had undergone homologous recombination were electroporated with PICcre to express the cre recombinase, clones were isolated without selection and those undergoing deletion of Tsc1 exons were identified by Southern blotting and PCR analysis. Two of those deleted ES cell lines were then injected into blastocysts, followed by transfer to pseudopregnant female mice. Multiple chimeric offspring were obtained, and were bred with either wild-type C57BL/6J, BALB/cJ (Jackson Laboratories) or 129/SvJae mice to produce F1 animals.
Southern blot and PCR genotyping analyses of ES cells and mice
Tail snips were used to prepare DNA for Southern blot and PCR analysis from liveborn mice (41) . Embryo or yolk sac fragments were used for analysis of embryos. PCR genotyping was performed by simultaneous amplification of both wildtype Tsc1 and the deleted allele using the following three primers in a 35 cycle PCR reaction using Perkin Elmer AmpliTaq Gold: F4536, 5′-AGGAGGCCTCTTCTGCTACC-3′; R4830, 5′-CAGCTCCGACCATGAAGTG-3′; and R6548, 5′-TGGG-TCCTGACCTATCTCCTA-3′ (Fig. 1D ). Products were 295 bp (wild-type) and 368 bp (mutant), and were analyzed on agarose gels.
Animal care, necropsy and pathology procedures
All procedures were carried out in accordance with the Guide for the Humane Use and Care of Laboratory Animals, and these studies were approved by the Harvard Medical Area Standing Committee on Animals. Embryonic age was determined by tracking vaginal plug formation and inspection of limb bud development. Embryo viability was determined by the presence of cardiac contractions. Three Tsc1 null embryos and three controls were serially sectioned in the sagital plane for histologic review.
Necropsy analysis included examination and sectioning of brain, heart, lungs, kidney and liver. Kidneys were cut into five dorso-ventral sections for histological examination. Standard H&E stains were used.
Immunohistochemistry and immunoblotting were performed on paraffin-embedded sections, and proteins separated by SDS-PAGE, respectively, as described previously (42) . Protein was loaded at 20 µg per lane, except for the primary MEF cultures where only 10 µg was available. Immunoblots were developed with HRP-conjugated anti-rabbit antibodies using enhanced chemiluminescence (Pierce). Sections labelled with fluorescence were examined on a Nikon Diaphot 300 microscope with a Roper Instruments Micromax 1300y CCD. Images were acquired with an Innovision Image Processing System, and processed to achieve pseudo colors using Adobe Photoshop 5.0 software.
MEF culture and analysis
E10-10.5 embryos were collected from Tsc1 +/-intercrosses. Embryos were triturated in DMEM, and then plated in DMEM with 10% fetal calf serum in 5% CO 2 . Cells were passaged and replated at constant density (1.5 × 10 4 per cm 2 ) every 3-4 days. Serum deprivation for 1-2 days and restimulation for 30-60 min was performed under conditions of constant temperature. Cell lysates were prepared by scraping to collect cells on ice, followed by addition of extraction buffer containing 2% SDS, 0.1 M DTT, 60 mM Tris-HCl pH 6.8, 10% glycerol, followed by immediate boiling. LY294002 and rapamycin were obtained from Cell Signalling Technology, and used at 10 µM and 10 nM, respectively.
Antibodies against hamartin were prepared in rabbits by injection of a bacterially expressed 6×His-tagged protein fragment encoding the C-terminal 204 amino acids of human hamartin. Anti-murine gelsolin antibody was prepared previously (43) . Other antibodies were obtained from: tuberin (Santa Cruz C-20); Cy3 labelled monoclonal anti-smooth muscle actin (Sigma); p-Akt (Ser473), Akt, p-S6K (Thr389), S6K, p-S6 (Ser235/236, Ser240/244), S6 and p-4E-BP1 (Thr37) (all from Cell Signalling Technology); monoclonal paxillin (ICN Biomedical). Secondary antibodies were rhodamine-labelled donkey anti-mouse and fluorescein-conjugated donkey anti-rabbit (Jackson Immunochemical).
For analysis of focal adhesions and actin stress fibres, cells were grown on glass coverslips and, after treatments, were fixed with 3.7% paraformaldehyde and permeabilized with 0.1% Triton X-100. Focal adhesions were labelled with the anti-paxillin antibody and F-actin was labelled with FITC-phalloidin (Sigma). Staining intensity of stress fibres and focal adhesions were quantified using NIH Image to measure the average pixel intensity per cell.
Statistics
Kaplan-Meier cumulative survival plots were calculated using Statview v5.0 and comparisons made using the logrank (Mantel-Cox) test. The average number of tumours per mouse was compared using the two-sample t-test, and when mixed by sex and strain, using analysis of covariance. The SAS statistical package was applied by Tim Heeren (Boston University School of Public Health).
